dose-dependent manner among relaxation, decay constant and LDH measurement. A DNA ladder detection method and morphological observations detected no apoptosis in PT-exposed macrophages. Electron microscopic examination revealed vacuolar changes and cell membrane damage in PT-exposed macrophages, but no significant changes in control macrophages. The results of magnetometry, LDH release, apoptosis measurement and electron microscopic observations suggest concentration dependent cytotoxicity caused by exposure of alveolar macrophages to PT. (J Occup Health 2002; 44: 321-328) Key words: Magnetometry, Man-made mineral fibers, Potassium titanate whisker, Alveolar macrophage
There have been many reports on the in vitro and in vivo toxicity of asbestos in animals 1, 2) . Asbestos fibers are known to cause fibrotic diseases in lungs, chronic inflammatory reactions and respiratory dysfunction 3, 4) . Since the use of amosite and crocidolite is legally prohibited in many countries including Japan, chrysotile asbestos is the dominant form of asbestos in international commerce today. But, clinical and epidemiological studies have established that chrysotile also causes cancer of the lungs, fibrosis, malignant mesothelioma and asbestosis 3, 5, 6) . Therefore, development of nonhazardous substitutes for asbestos is needed.
There are several man-made-mineral fibers (MMMFs) available on the market. Potassium octatitanate whisker (K 2 Ti 8 O 17 whisker: PT) is one type of MMMF. The principle uses of PT are as a catalyst and heat-resistant coating and as an iron exchange resin. Recently PT has been used as one of the components of buildings, but PT has also been considered as a toxic substitute for asbestos fibers. In in vivo experiments concerning the toxicity due to exposure to PT, increased incidence of lung School of Medicine-Alveolar macrophages are thought to play a major role in the pathophysiology of lung diseases caused by exposure to various kinds of pathogens and particles. In the present study, the cytotoxic effect of potassium octatitanate whisker (PT) on macrophages was evaluated by means of magnetometry, lactate dehydrogenase (LDH) release measurement, apoptosis measurement and morphological observations. Alveolar macrophages obtained from Fischer rats (F344/N Slc) by bronchoalveolar lavage were incubated in vitro for 18 h with Fe 3 O 4 as a magnetometric indicator, and PTs as test materials. In the control group and the group exposed to 10 µg/ml of PT, rapid attenuation of the remanent magnetic field (RMF), so called "relaxation," was observed immediately after cessation of the external magnetic field. In comparison, a delay of relaxation was observed in alveolar macrophages exposed to 20 and 40 µg/ml of PT. The decay constants, which are calculated from decreasing RMF for the first 2 min, in the groups exposed to 20 and 40 µg/ml of PT had significantly lower values than the control. LDH release induced by exposure to 20 and 40 µg/ml of PT increased significantly in a concentration dependent manner in PT-exposed macrophages, whereas only negligible LDH release was observed in control groups. The level of PT affecting alveolar macrophages was at the same concentration, and in a inflammation, emphysematous and fibrous change, weight loss, pulmonary carcinoma and mesothelioma were observed [7] [8] [9] [10] . In in vitro studies, an increased extracellular release rate of LDH, β-glucuronidase, TNF-α, and thrombomodulin activity in a procoagulant system of human umbilical vein endothelial cells were observed due to exposure to PT [10] [11] [12] . But there have been few reports concerning toxicity of this material in cell function.
In our previous studies [13] [14] [15] [16] [17] [18] , we used a unique method, called magnetometry, to obtain information on in vitro functional changes in alveolar macrophages in response to various toxic substances. Cell magnetometry is a modification of pneumomagnetometry conducted first by Cohen 19) . Administered iron oxide particles are engulfed by macrophages, and an external field magnetizes iron oxide particles located in phagosomes of macrophages. Relaxation, a rapid decrease of the remanent magnetic field strength (RMF) radiated from phagocytized iron oxide particles in macrophages after the cessation of external magnetization, was used as an indicator of cellular function. Magnetometry is thought to be a valuable method to measure cell function. We observed that, in evaluating the cytotoxicity in vitro caused by silicon carbide whisker, magnetometry was more sensitive than conventional enzyme release assay 15) . And we also conducted an LDH release assay to evaluate damage to the cell membrane, and used a DNA ladder detection method for observing the type of cell death due to exposure to toxic substances, and electron microscopic observation to detect morphological changes in alveolar macrophages.
In this study, we observed the cytotoxicity of PT in alveolar macrophages by means of magnetometry as well as these conventional methods.
Materials and Methods

Reagents
Fe 3 O 4 particles with a mean geometric diameter of 0.26 µm (Toda Kogyo Company, Japan) were used as the magnetometric index. The sample of PT was provided by the Japan Fibrous Materials Research Association. By measuring the width and length on the scanning electron microscopic image, the mean geometric diameters and standard deviations in PT used in this study were calculated to be 0.35 ± 1.51 in width and 6.0 ± 2.04 µm in length (Fig. 1) . The chemical composition of PT detected by X-ray fluorescence spectrometers is shown in Table 1 . PT used in this experiment included approximately 85% titanium and 15% potassium (Table  1) . These samples were autoclaved (1.1atm, 121 °C, 20 min) and suspended in phosphate-buffered saline (PBS) pH 7.4. Before use, the substances were vigorously shaken to ensure uniform suspension.
Bronchoalveolar Lavage
Male Fischer rats (F344/N Slc), each rat weighing approximately 200-250 g, were maintained in climate controlled rooms at 24 ± 1°C, with a relative humidity of 50 ± 10%, and a 12 h light-dark cycle. After one week all limitation period rats were anesthetized by intraperitoneal administration of 100 mg/kg of pentobarbital sodium. Each rat was bled to death by incision of the abdominal aorta. Bronchoalveolar lavage (BAL) was performed by instilling 4 ml of cold PBS, pH 7.4, containing 0.1% ethylenediaminetetraacetic acid (EDTA) through a tracheal catheter, followed by gentle aspiration. This procedure was repeated nine times. Six rats were used for each experiment.
Fluid from all ten lavages was pooled and centrifuged at 650 × g for 10 min. The cell pellet was resuspended in serum-free medium (Macrophage-SFM liquid, Life Technologies, Inc., Rockville, MD, USA). The number of viable cells was counted by a trypan blue exclusion assay and was always over 90%.
Cell Culture
The cell suspension was adjusted to a concentration of 10 6 /ml and the aliquots of 1 ml of suspension were seeded into 15 mm culture wells (Nunc Company, Denmark) with a cell disk at the bottom. As an index of cell magnetometry, 50 µg/ml of Fe 3 O 4 particles suspended in PBS were added to all wells. 10, 20, or 40 µg/ml of PT suspended in PBS was then added to each of the experimental groups one hour after exposure to Fe 3 O 4 particles. Only 50 µl of PBS was added to the controls. The cells were cultured at 37°C in 5% CO 2 for 18 h after which the macrophage-adhered disk was transferred from each well to a glass tube containing 1 ml of serum-free medium.
Magnetometry
Magnetometric measurement was performed by the previously reported method of Keira et al. 13) . Each sample was magnetized with a magnetizer at 70 mT for 10 milliseconds. Immediately after stopping the magnetization, RMF was measured for 20 min with a fluxgate magnetometer (Magnetoscop, Institut Dr. Foerster, Germany). In order to keep the temperature of the air inside the magnetic shield at 37°C, a heater with a thermostat was used. Thereafter, the magnetic field was measured from time = 0 when magnetization was stopped. Iron oxide particles align completely in response to an external magnetic field and start to misalign as soon as it is removed. A two-minute period of relaxation was added to the exponential function, B=B 0 e (-λt) , where "B" is the RMF at time t, "B 0 " the RMF at time = 0, "e" the exponent, "t" the time (second) from the termination of magnetization and "λ" the relaxation rate (decay constant) for 2 min 20) . Linear regression of natural logarithms of RMF at t by the least-squares method was used to fit the line. B 0 was estimated by extrapolating the function back to time zero.
LDH Measurement
One ml of serum-free medium containing 10 6 cells was poured into each well with a cell disk at the bottom. Alveolar macrophages exposed to 10, 20 or 40 µg/ml of PT were incubated at 37°C in 5% CO 2 for 18 h. The cell suspension was centrifuged at 400 x g for 10 min after incubation. The LDH activity in 50 µl of cell-free supernatant was measured by the Wroblewski and LaDue's method 21) with the Wako LDH-UV Test (Wako Pure Chemical Industries, Ltd. Japan). In order to measure both intra-and extracellular (total) LDH activity, Triton X-100 was added to lyse the cells. The LDH release rate (%) was calculated from the following equation: (extracellular LDH from PBS or PT-exposed cells) × 100/ (total LDH).
DNA Ladder Detecting Method
Cultured macrophages exposed to PBS, and 10, 20, and 40 µg/ml of PT for 18 h were washed with PBS. For DNA extraction, 10 ml of proteinase K (Wako Pure Chemical Industries, Osaka), RNase A (Wako Pure Chemical Industries, Osaka) and 20 ml of 10% sodium dodecyl sulfate (SDS) (Wako Pure Chemical Industries, Osaka) were added to the samples 22) . The samples were incubated at 37°C for 30 min. Sodium iodide was added to the samples and incubated at 60°C for 15 min. After isopropanol precipitation, the DNA was frozen until use.
The samples were extracted in 20 ml of 10 mM TrisHCl buffer (pH 8) with 10 mM EDTA. DNA was electrophoresed on 1% agarose gel with the DNA marker (500 bp DNA Ladder: Life Technologies Corp., USA), stained with ethidium bromide and photographed under UV transillumination.
Electron Microscopic Observation
Macrophages adhering to a polycationics-treated glass slide were washed with 0.1 M cacodylate buffer (pH 7.4), and prefixed with 1% glutaraldehyde at 4°C for 3 h. After being washed, they were postfixed with 1% osmium tetroxide at 4°C for 3 h and washed with 0.1 M cacodylate buffer. For transmission electron microscopic (TEM) observation, the cells were examined with a HITACHI H-600 after dehydration, resin embedding, ultra-thin sectioning and staining with uranyl acetate and lead citrate. For observation under a scanning electron microscope (SEM), the cells were examined with a HITACHI S-4500 FE after ion splatter coating with platinum.
Statistical Analysis
Results are expressed as means ± standard error (S.E.) from six animals in each group. Statistical differences among group averages were determined by one-way or two-way analysis of variance and Fisher's method. Significance was set at p<0.05.
Results
Magnetometry
The means with S.E. of RMF obtained from macrophages exposed to PBS or various concentrations of PT are plotted in Fig. 2 . Rapid relaxation, approximately 30.0 percent and 33.6% of RMF at 20 min after stopping magnetization, was seen in the control group and the group exposed to 10 µg/ml of PT. In contrast, relaxation was delayed in the groups exposed to 20 and 40 µg/ml of PT. At 20 min after stopping magnetization, 50.4 percent and 68.6% of RMF were seen in the groups exposed to 20 and 40 µg/ml of PT. As a result of multiple comparisons by Fisher's method, statistically significant differences at the 5% level were recognized between the controls and the groups exposed to 20 µg/ml or 40 µg/ml of PT.
With regard to the decay constant, means with S.E. from six animals in each group were 3.11 ± 0.332 × 10 -3 sec -1 in the control group, 2.98 ± 0.533 in the group exposed to10 µg/ml of PT, 1.86 ± 0.533 in the group exposed to 20 µg/ ml of PT, and 1.27 ± 0.229 in the group exposed to 40 µg/ml of PT. In multiple comparison conducted by Fisher's method, the decay constants of the groups exposed to 20 and 40 µg/ml of PT showed significantly lower values than the control at the 5% level (Fig. 3) . 
LDH Measurement
LDH release from the cytoplasm of the alveolar macrophages was used as an index of destruction of the cell membrane. The means with S.E. of LDH release rates were 14.4 ± 2.77 percent in the control group, 15.6 ± 2.49 percent in the group exposed to 10 µg/ml of PT, 24.1 ± 2.48 percent in the group exposed to 20 µg/ml of PT, and 34.9 ± 2.62 percent in the group exposed to 40 µg/ml of PT (Fig. 4) . As a result of multiple comparisons by Fisher's method, statistically significant increases at the 5% level in LDH release measurement were found in the groups exposed to 20 and 40 µg/ml of PT compared with control groups.
DNA Ladder Detecting Method
With the DNA ladder detection method to detect the occurrence of apoptosis, no DNA fragmentation was found in the samples of PT-exposed macrophages or controls (Fig. 5) .
Electron Microscopic Observation
Macrophages treated with PBS had a round shape and rich surface microprojections and ruffles in the SEM image (Fig. 6a) . With regard to PT-exposed macrophages, obvious destruction of the cell membrane was seen. Many cells had no surface microprojections or ruffles. Numerous fibers penetrated alveolar macrophages (Fig.  6b) .
In the TEM images of the cell, some condensed organelles and vacuolar changes in the cytoplasm were observed in PT-exposed macrophages (Fig. 6d) in contrast to the control (Fig. 6c) . There was no finding suggesting apoptotic changes. With regard to the cytoskeleton, no specific pattern of destruction of the cytoskeleton was observed in PT-exposed macrophages.
Discussion
PT on the commercial market contains approximately 85% titanium and 15% potassium, and PT used in the present study also contained 84.7% titanium and 15% potassium ( Table 1) . The cytotoxic effects found in this experiment were thought not to be induced by dissolving potassium, because the concentrations of potassium in serum-free medium before and after 18 h incubation were approximately the same (data not shown).
Once pathogens and other substances reach alveoli, alveolar macrophages play a key role in the primary defense of the lung 23) . The PT applied in this experiment can reach the human alveoli because of its small diameter (less than 10 µm) 24) . This study applied magnetometry to evaluate the in vitro effects of PT on alveolar macrophages. Relaxation, a rapid decrease in RMF, is thought to occur due to the random rotation of phagosomes containing magnetized iron oxide particles in an intracellular environment 19, 20) . Phagosomes containing extracellular substances try to digest exogenous substances and transverse inside the cell. Cytoskeleton elements, including microtubules, microfilaments, and intermediate filaments, have been known to play important roles in the integrity of cytoplasm, transportation of organelles, cell polarity, and mobility [25] [26] [27] . Moller et al. 28) observed that drugs affecting the cytoskeleton, such as cytochalasin D and colchicine, produced delayed relaxation.
Relaxation curves indicate the movement of phagosomes quantitatively. The delay constant, which is calculated from the decrease in RMF for the first 2 min, indicates the speed of recovery from the twisting of the cytoskeleton which is caused by the magnetic field 28) . In the present study, the in vitro exposure to 20 µg/ml or a higher concentration of PT caused a delay in both relaxation and the decay constant. In our previous study 18) , in vitro exposure to 20 µg/ml or higher doses of fibrous TiO 2 caused a delay in relaxation, whereas the exposure to 60 µg/ml of fibrous TiO 2 caused to a delay in decay constants. We hypothesized that physiological or physical damage occurred to the alveolar macrophages exposed to fibrous TiO 2 , and the amount of active rotation of magnetized iron particles by macrophages mainly decreased. In contrast, exposure to PT may simultaneously affect the cytoskeleton of alveolar macrophages as to both the amount of random rotation of phagosomes and the speed of recovery from the twisting enforced by the external magnetic field in the present study. Nevertheless, no obvious destruction of the cytoskeleton was observed during microscopic observation, so impairment of cytoskeletal movement may be caused by either the micro-destruction of the cytoskeleton or an insufficient energy supply for moving the cytoskeleton due to damage to the energy production system, such as mitochondria. Keira et al. 13) demonstrated approximately 60 percent of the RMF at 20 min after stopping magnetization in the groups exposed to chrysotile fibers. This RMF of the chrysotile exposed group was less than that of the PT-exposed group in this study. These results may be caused by the different doses, the different length and width of chrysotile, and/or different species of laboratory animals from those used in the present study.
Although the mechanism of impaired cell function due to PT has still not been elucidated, there are possible explanations for the toxicity of PT in alveolar macrophages. The toxicity of long and thin fibers may be associated with frustrated phagocytosis. Frustrated phagocytosis has been proposed when alveolar macrophages are unable to completely engulf fibers, so that subsequently oxidants and enzymes leak from the alveolar macrophages and cause cell damage 29) . Hansen and Mossman 30) reported that fibrous dust (defined as a greater than 3:1 length: diameter ratio) caused a significant increase in both release of superoxide from rat macrophages and enhancement of zymosan-triggered superoxide production in hamster macrophages. There are data suggesting that radicals such as the superoxide anion may damage cellular macromolecules, so that mineral particle-induced free radical formation during their phagocytosis may play a role in fiber-induced toxicity 31, 32) . In the present study, we observed obviously destroyed macrophages incompletely engulfing long, thin fibers during microscopic observation. This phenomenon had been referred to as frustrated phagocytosis, and has been thought to be the main reason for the cell damage caused by exposure to PT.
With regard to the loss of enzyme related energy production, the release of LDH in the medium from macrophages exposed to 20 and 40 µg/ml of PT was significantly higher than that in the control group. The release of LDH, which indicates cell membrane damage, has been used to measure the cytotoxicity of various materials both in vivo and in vitro 33, 34) . LDH is used in the hydrogeneration of lactate to pyruvate in the glycolytic pathway 35) . Also condensed organelles, such as mitochondrias, were seen in the microscopic observations. The loss of this enzyme and the destruction of mitochondria, which play a major role in the energy production system, may affect cell function, including the movement of the cytoskeleton, consequently causing a delay in relaxation. Blake et al. 36) observed that LDH release from alveolar macrophages exposed to glassfiber was highly dependent on fiber length. This finding was supported by the observation that the number of penetrating fibers is decreased by shortening of the fiber length 37) . To evaluate the cytotoxicity of PT by magnetometry and LDH release assay, serum-free medium was used in the present study. Serum-added medium contains albumin. The binding affinity of fibers to albumin in the serumadded culture medium may be used as a protective mechanism to reduce the cytotoxicity of asbestos because formation of the monolayer at the fiber surface due to the adhesion of albumin prevents membrane damage 38, 39) . Ishihara et al. 10) observed that the LDH release from a macrophage cell line (RAW264.7 cells) exposed to the same width and length (the mean geometric diameters with standard deviations of PT were 0.35 ± 1.51 in width and 6.0 ± 2.04 µm in length) as that used in our study increased in a dose-dependent manner. In previous in vivo 9) and in vitro 12) studies on granulomatous formations in the lung, and increased thrombomodulin activity and the thrombomodulin antigen level in a procoagulant system of human umbilical vein endothelial cells, the toxicity caused by exposure to PT was also observed in a dose-dependent manner. We measured the cytotoxicity of PT in macrophages by magnetometry and LDH release assay, and demonstrated that concentration dependent cytotoxicity was found in alveolar macrophages exposed to PT. Our results were similar to those of previous studies.
With regard to apoptosis, DNA fragmentation specific for apoptosis was not observed either in the groups exposed to PT or control cells. Poole et al. 40) observed that potassium octatitanate had no detectable activity in an assay for DNA damage based on S 1 -nuclease sensitivity of DNA from exposed cells. In this study, neither the DNA ladder detection method nor electron microscopic examination revealed a cellular appearance consistent with apoptosis in macrophages exposed to PT.
In SEM images, numerous fibers penetrated the destroyed macrophages. In a previous study with nickel 41) , it was shown that phagocytized particles produced cell damage. Electron microscopic examination previously demonstrated that titanium oxide dust was phagocytized by alveolar macrophages and accumulated within the phagosomes 42) . In the present study, we observed that PT was phagocytized incompletely by alveolar macrophages. Therefore it was postulated that the toxicity of PT was probably caused by phagocytized fibrous material. We observed that the rate of macrophages destroyed by exposure to PT in the microscopic observations was much higher than that in control groups (76% vs. 8.7%). Since cells adhering to slide glasses swerved and were excluded from the cell count during the fixing process for microscopic observations, the percentages of these cells were thought to be inaccurate for reference data.
In conclusion, evaluating the cytotoxicity of PT in macrophages by physiological (magnetometry), biochemical (LDH release measurement), apoptosis measurement, and morphological (electron microscopic observation) methods indicated concentration dependent cytotoxicity.
